Several small molecules have been identified that induce glial cells to synthesize and secrete nerve growth factor (NGF), a critical neurotrophin that supports neuronal growth and survival, and as such show promise in the development of drugs for the chemoprevention of Alzheimer's disease. To map the signal transduction cascade leading to NGF synthesis and secretion, cultured human glial cells were stimulated by phorbol 12-myristate 13-acetate (PMA), an agonist of Protein Kinase C. Changes in intracellular protein phosphorylation states were evaluated by reverse phase protein microarrays (RPPA), selectively screening over 130 protein endpoints. Of these, 55 proteins showed statistically significant changes in phosphorylation state due to cellular exposure to PMA. A critical signal transduction pathway was identified, and subsequent validation by ELISA and qPCR revealed that the signaling proteins Raf, MEK, ERK, and the signal transduction factor CREB are all essential to the upregulation of NGF gene expression by PMA. Additionally, members of the RSK family of kinases appear to be involved in glial secretion (exocytosis) of the NGF protein. Furthermore, through RPPA, the effects of PMA on apoptosis signaling events and cell proliferation were differentiated from the pathway to NGF upregulation. Overall, this study reveals potential protein targets for the rational design of Alzheimer's therapeutics.
Introduction
Alzheimer's Disease (AD), the most prevalent cause of dementia, affects over 46 million people worldwide [1] . The underlying etiology of the disease remains unknown, so efforts to combat AD generally focus on targeting the known pathology. This neurodegenerative disease is typically characterized by the accumulation of beta-amyloid [2, 3, 4] , hyperphosphorylation of tau protein and development of neurofibrillary tangles [2, 5, 6] , and the loss of brain matter, particularly the loss of basal forebrain cholinergic neurons (BFCN) [7, 8, 9] . The BFCN region is one of the earliest and most severely affected regions of the AD brain, and the loss of these neurons is a critical component of the cognitive decline observed in disease progression [10, 11, 12] . Approved therapeutics for AD generally target the process of neurotransmitter signaling, but do not substantially slow nor reverse the course of the disease [2] . Clinical trials with therapies designed to lower the amyloid burden have also shown little success in delaying the progression of the disease [13] . In contrast, one promising avenue for retarding AD lies in preventing degeneration of the BFCN via the administration of nerve growth factor (NGF).
NGF and its high affinity receptor, TrkA, are well expressed in the basal forebrain of healthy individuals [14] . Binding of mature NGF to TrkA initiates a signaling cascade that results in axonal guidance, neurite outgrowth, upregulation of cellsurvival pathways, and suppression of caspase activity and apoptosis [15, 16, 17, 18, 19] . An imbalance in NGF levels and TrkA expression are observed in AD [11, 14] , and thus, much interest exists in NGF restorative therapies. Due to its size and polarity, NGF is unable to freely penetrate the blood brain barrier [20, 21] . Hence, preclinical and clinical investigations of NGF have utilized receptor mediated transport across the blood brain barrier [20, 22] , grafting of NGF expressing cells [23] , or stereotactic delivery of viral expression systems [12, 24] , among other invasive techniques. Overall, the results have been encouraging, with NGFtreated subjects exhibiting a restoration of brain matter and gain in cognitive function relative to untreated controls [12] . Long-term supplementation of NGF appears to be well tolerated and clinical trials in persons with AD suggest reduction in the rate of AD-induced cognitive decline [12] . However, the cost and invasiveness of these procedures is restrictive, lending them to be poorly suited to treat the large, widespread population that suffers from AD. One practical alternative may rest in the form of an oral or inhalable administered therapeutic, capable of traversing the blood brain barrier and inducing glial cell secretion of NGF in situ.
Phorbol 12-myristate 13-acetate (PMA) is a known agonist of protein kinase C [25] and a potent inducer of NGF gene expression and secretion [21] . However, phorbol esters such as PMA also affect proliferative and cell survival pathways within the cell and have long been recognized as powerful tumor promoters [26, 27, 28] and apoptosis inducers [29, 30, 31, 32, 33, 34] , depending upon the phorbol ester concentration and the state of the cell and its microenvironment. Hence, the clinical use of PMA (and other phorbol ester analogs) as an inducer of NGF is undesirable. Accordingly, distinguishing the mechanism by which PMA stimulates NGF expression and secretion from its tumor promoting or apoptotic activity might reveal protein targets for the rational development of nontoxic NGF-inducing therapeutics. In the research described herein, we aimed to deconvolute the therapeutic effects of PMA as an inducer of NGF from its activity as a tumor promoter and toxic agent. To accomplish this, we used cultured human glioblastoma cells and reverse phase protein microarrays to identify key proteins and signaling pathways activated and suppressed in response to PMA. Our array results revealed the activation of multiple signaling pathways relating to tumorigenesis, apoptosis, and inflammation, as well as the activation of central regulatory pathways such as the MAPK/ERK cascade. Using a combination of NGF ELISA, quantitative PCR (qPCR), cell viability assays, and specific protein agonists and antagonists, we were able to define and validate the signal transduction cascade underlying the PMA upregulation of NGF. Our results reveal that PMA induction of NGF gene expression and secretion is dependent upon the activation of PKC and the activity of MEK, ERK, and p90RSK.
Results and discussion

EC 50 of PMA-Induced NGF secretion
An aim of our investigation is to deconvolute the signal transduction pathways underlying the therapeutic effects of PMA as an inducer of NGF from those underlying its more undesirable effects. To map the signal transduction pathway associated with PMA-induced NGF induction, we first determined the half-maximal activity of PMA, so as to minimize off-targeting of PMA (binding to lower affinity protein targets) while maintaining substantial NGF induction. Cultured human glial cells were exposed for 12 hours to various concentrations of PMA and then NGF titers were experimentally determined by NGF ELISA. A sigmoidal dose response was achieved and the EC 50 was determined to be 6.6 nM (Fig. 1 ). For convenience, 10 nM PMA was used for mapping signal transduction via reverse phase protein microarrays.
The transcription factor CREB
Cyclic AMP response element-binding protein (CREB) has been previously implicated in the expression of the NGF gene [35, 36] . To test for its involvement in PMA upregulation of NGF, we assayed NGF gene expression and protein secretion from T98G cells exposed to PMA, both with and without compound 217505, a commercially available inhibitor of CREB. As shown in Fig. 2A , at 1 mM concentration, compound 217505 has no deleterious effect on the viability of the cultured glial cells.
Additionally, 1 mM 217505 has no significant effect on the amount of NGF that is secreted by the cell culture in response to PMA within four hours (Fig. 2B ). This four hour period is likely insufficient to complete the transcription, translation, and exocytosis necessary to contribute detectable increases in NGF titers. The compound 217505 does, however, significantly reduce the abundance of transcript associated with PMA upregulation of NGF gene expression (Fig. 2C) , confirming the involvement of CREB in PMA induction of NGF. Detectable increases in NGF secretion within four hours is likely a manifestation of PMA induced exocytosis of NGF already stored within cells. Thus, we aim to determine the mechanism by which PMA induces both de novo synthesis of NGF as well as exocytosis of the protein.
Reverse phase protein microarrays (RPPA)
Having established the involvement of CREB in PMA induced upregulation of NGF from cultured human glial cells, we next sought to map the signal transduction Fig. 1 . The PMA dose response. Cultured human glial cells (T98G) were incubated for 12 hours with the indicated concentration of PMA and then secreted NGF titers were determined using an NGF-specific ELISA. All assays were performed in at least triplicate. Non-linear regression fitting indicates the half-maximal activity of PMA occurs at 6.6 nM (R 2 ¼ 0.95). Notably, a suppression of NGF titer is observed at an elevated PMA concentration (10 mM), likely reflective of phorbol-ester cytotoxicity [32, 33] .
cascade from PKC through to CREB. RPPA-based pathway mapping was used to quantify the changes in phosphorylation state of 135 different target proteins (Table 1) . These analytes were specifically chosen as they include signaling proteins and transcription factors known to regulate cell metabolism, cell proliferation, cell survival, and exocytosis. Human T98G glial cells were cultured to confluence in six-well plates, then the cultures were exposed to either PMA or vehicle (DMSO) for either a 2 minute, 15 minute, 60 minute, or 240 minute duration. Following exposure, the cells were lysed and examined via RPPA. All assays were performed with 6
replicates. In a manner described in detail previously [36, 37, 38, 39] , several proteins were identified by RPPA to demonstrate a statistically significant (p < 0.05) change in phosphorylation status with exposure to PMA. More specifically, of the 135 analyzed endpoints, 55 proteins showed a statistically significant change due to exposure to 10 nM PMA. As detailed below, the activities of proteins and pathways responsible for regulating apoptosis (Table 2) , as well as proteins known to stimulate cell proliferation (Table 3) , were clearly altered by PMA. Also detailed below, examination of successive incubation durations allowed us to identify sequential activation along known signal transduction pathways, ultimately highlighting the proteins of the mitogen activated protein kinase (MAPK) pathway (Table 4) as central to the PMA upregulation of NGF. 
PMA regulation of apoptosis
As noted above, the protein microarrays demonstrate the effect of PMA signaling on key regulators of apoptosis (Table 2 ). Specifically, we observed PMA-induced alterations in the abundance and phosphorylation state of intrinsic (mitochondrial mediated) apoptotic signaling proteins, most notably, the Bcl-caspase axis. The Bcl-2 protein family consists of both anti-apoptotic and pro-apoptotic proteins. Antiapoptotic members of the Bcl-2 family inhibit activation of caspase-9 and p53 mediated apoptosis [40] . Pro-apoptotic members of this protein family, such as Bad and Bax, promote activation of the caspase cascade through binding inhibition of the anti-apoptotic members (Bad) or stimulating cytochrome c mediated apoptosis directly (Bax) [40, 41, 42] . When stimulated by pro-apoptotic Bad and Bax, cytochrome c is released from the mitochondria and induces apoptosome formation [42, 43, 44] . Apoptosome formation generates an active form of caspase 9 which Lysates from PMA treated and vehicle-treated T98G glial cells (n ¼ 6) were evaluated to quantify the abundance of proteins specific to the antibodies listed. can then cleave and activate effector caspases -3 and -7 to promote apoptosis [45] ( Fig. 3 ).
In our results, Bax protein is deactivated by dephosphorylation within 15 minutes of the introduction of 10 nM PMA, suggesting suppression of apoptosis. Downregulation of apoptotic signaling is also evident in the increased abundance of phosphorylated Bad (at S112, S136, and S155). These posttranslational modifications prohibit dimerization of Bad with Bcl-X L or Bcl-2, preventing downstream signaling of apoptosis [41, 46, 47] . S112 phosphorylation is believed to be a direct result of Ras and Raf kinase activity [46] , and S155 phosphorylation is claimed to be a target of RSK1 kinase activity [41] . These connections are evident within our dataset (Table 4) and reveal a clear link between PMA induction of the MAPK pathway and suppression of Bcl-family apoptotic signaling in T98G cells.
With regards to the caspases, we observed no statistically significant change in the abundance of cleaved caspases-3, -6, or -9. Cleavage of caspase-9, and subsequently caspase-3, is performed by the apoptosome. Apoptosome formation and caspase cleavage is inhibited by Hsp27 [48] , and antagonism is enhanced by Hsp27 phosphorylation at S82 [49, 50] . We observed a statistically significant increase in Hsp27 phosphoS82 abundance after 15 minutes, 60 minutes, and 240 minutes of 10 nM PMA exposure, suggesting that PMA suppresses caspase mediated apoptosis throughout this exposure duration. Survivin, a member of the inhibitor of apoptosis family of proteins, inhibits the activities of caspases -3 and -7, likely through inhibition of caspase-9 [51] . A statistically significant increase in Survivin abundance was observed after 60 minutes of PMA exposure, further supporting PMA suppression of apoptosis. We did, however, record a significant change in the abundance of cleaved caspase-7 following 2-minute exposure to PMA. This phenomenon was diminished by the 60-minute time point, suggesting that prolonged exposure to PMA alleviates this effect through activation of the pro-survival signaling mechanisms discussed above.
Despite evidence of apoptosis suppression, we still observed several downstream indicators of caspase activity. PolyADP ribose polymerase (PARP), commonly used as a marker of caspase-mediated apoptosis, is a substrate for caspase and calpain protease families [52, 53] . An increase in cleaved PARP was detected 2 minutes and 15 minutes following exposure to 10 nM PMA. This observation may be attributed to the brief increase in cleaved caspase-7 (described above), which is a known PARPcleaving protease, or it may be a result of a signaling mechanism not analyzed within our study. A second indicator of apoptosis, phosphorylated Mst, was also significantly upregulated in T98G cells treated with PMA. Mst becomes a better substrate for phosphorylation following cleavage by caspase-3, and thus, the presence of the phosphorylated form is usually associated with caspase activity and apoptosis [54] . These downstream indicators of apoptosis suggest that statistically insignificant changes in caspase activity may amplify into tangible effects on caspase targets or that alternative protease networks are active.
To determine whether the net effects of PMA on apoptotic signaling generate any measurable effects on cell viability, we performed a resazurin based cell viability assay evaluating the toxicity of 10 nM and 100 nM PMA after 4-hour exposure (Fig. 4A) . The results indicate a mild, but statistically significant effect on cell viability that increases with PMA concentration. The findings agree with the presence of the downstream caspase markers detected by RPPA analysis, and suggest that PMA-induced toxicity happens immediately following exposure. To determine whether PMA has long-term effects on cell viability, we evaluated 5-day cell growth in the presence of 10 nM PMA (Fig. 4B) . A MEK inhibitor was also included in the study to confirm that the MAPK signaling pathway, another major signaling cascade significantly activated by PMA exposure, was not regulating alterations to cell viability and proliferation. T98G cells were seeded at 20% confluence and treated with 10 nM PMA in the presence and absence of MEK inhibitor UO126 (1 mM) after 24 hours and 72 hours. Evaluating at day 3 and again at day 5, we found no statistically significant decrease in treated cell proliferation, compared to untreated controls. Thus, these results support our observations that PMA inhibits the intrinsic apoptotic pathway and proposes that PMA is not overtly toxic at 10 nM concentration (particularly relative to staurosporine). It is also noteworthy that the results of the 4-hour resazurin-based assay may appear exaggerated. That is, the assay measures mitochondrial activity as a quantifier of cell viability; however, the intrinsic apoptosis pathway requires increased mitochondrial permeability to facilitate the release of cytochrome c [42] . No statistical decrease in cell abundance was observed in the presence of PMA over a 5 day time course (Fig. 4B) , suggesting that PMA is not inducing cell death. Thus, stimulation of the pathway may have a greater negative impact on mitochondrial function than on overall cell viability.
PMA regulation of cell proliferation
Several pathways that regulate cell growth and proliferation are activated in response to PMA (Table 3) . Met, a tyrosine kinase receptor for hepatocyte growth factor (HGF), autophosphorylates upon HGF binding and promotes cell proliferation and motility [55] . Due to its role in cell survival, growth, and metastasis, Met has become a target for the develop of cancer therapeutics [56] . We observed a statistically significant increase of phosphorylated (activated) Met following 60 minutes of PMA exposure, indicating the potential for PMA induction of proliferation. Additionally, upregulation of phosphorylated polo-like kinase 1 (Plk1) was also observed after 60 minutes of PMA exposure. Plk1 acts as a DNA damage checkpoint in cell division and promotes mitosis upon phosphorylation at T210 [57] . An increase in phosphorylated Plk1 indicates increased cell division. Abl receptor tyrosine kinase, best known for the constitutively active Bcr-Abl fusion form implicated in chronic myelogenous leukemia, is significantly modified by PMA exposure [58] . Phosphorylation of Abl protein, as observed in our dataset, is activating, stimulating the receptor tyrosine kinase to promote cell proliferation [58] .
However, not all PMA-induced effects on cell division pathways favored proliferation. An increase in Numb protein abundance, an inhibitor of Notch, was observed at 60 minutes. Numb promotes the ubiquitination and subsequent degradation of Notch [59] and prevents Notch from stimulating proliferation [60] . Interplay between tumor suppressor p53 and its inhibitor, MDM2, was also observed. Phosphorylation of MDM2, as observed in the data as a result of 60-minute PMA exposure, facilitates MDM2 ubiquitination of p53 and prevents p53 arrest of cell division. Thus, the increase in phosphorylated MDM2 favors proliferation. However, a greater abundance in p53 is also observed after 60-minute exposure to PMA, leaving question as to which effect was directly induced by PMA versus which likely resulted from negative feedback. Taken together, multiple proteins involved in regulating cell proliferation are modified by cellular exposure to PMA, but these signaling effects are likely competitive and may not yield an overall shift in favor of cell proliferation. As seen in Fig. 4B , the growth rate of 10 nM PMA treated T98G cells is identical to those treated with vehicle alone.
The reputation of PMA as both an apoptotic agent as well as a tumor promoter is contradictory. Generally, suppression of cell death/apoptosis is required for cell proliferation and tumor growth. Our protein signaling analysis revealed no definitive shift in favor of apoptotic induction. Additionally, PMA appeared to concomitantly activate protein signaling pathways that promote cell proliferation equally as well as activating signaling pathways that suppress cell proliferation. Thus, at a PMA concentration that causes induction of NGF gene expression and secretion, PMA does not have a net effect on apoptosis or cell proliferation. Further, coadministration of 1 mM of the MEK inhibitor UO126 does not alter the effects of PMA on cell survival and growth. Hence, while higher concentrations of PMA may generate toxic properties well-attributed to the phorbol esters, these effects likely occur via mechanisms unrelated to the mechanisms by which PMA induces NGF.
PMA induction of NGF
As illustrated in Table 4 and Fig. 5 , the MAPK pathway proteins Raf, MEK, and ERK show a statistically significant increase in phosphorylation following exposure to PMA. This pathway is of particular interest, as the transduction cascade is a known target of PKC signaling and is capable of stimulating CREB activity. No significant change in phosphorylated Ras was observed, suggesting direct activation of
Raf by PKC, a phenomenon previously described by others [61, 62] . A 270% increase in phosphorylated Raf is observed 60 minutes after exposure of the cells to PMA, whereas phosphorylated MEK increased by over 25% at 15 minutes and 60 minutes. An increased abundance of phosphorylated ERK was observed at all time points, ranging from a rise of 160% observed at 2 minutes (p ¼ 0.057) to 370% observed at 15 minutes. The protein p90RSK was also activated by PMA throughout the time course (as was the RSK3 isoform; not shown in the figure) , with significant increases in phosphorylated p90RSK observed between 2 minutes and 60 minutes, increasing in abundance by 60%e170%, respectively (phosphorylated RSK3 was 250% more abundant following 240 minute exposure to PMA). Phosphorylated CREB, a critical transcription factor for neurotrophin expression, exhibited a 200% increase after 60 minutes. Hence, the temporal signal transduction map generated from RPPA analysis highlighted PKC, Raf, MEK, ERK, p90RSK, and CREB as the key signal transduction proteins linking PMA with glial cell expression and secretion of NGF (Fig. 6 ).
Validating the involvement of the MAPK pathway
Our RPPA results indicated that upon PMA binding to and activating PKC, the signal transduction cascade proceeds through the MAPK proteins Raf, MEK, and ERK, leading to phosphorylation and activation of CREB. Concurrent activation of p90RSK, another CREB-acting kinase, may be required for maximal NGF induction. To validate the involvement of these proteins in NGF induction, we specifically targeted their activity using commercially available, cell permeable, selective agonists or antagonists (Fig. 6 ). In parallel, we also performed cell viability assays with each of the pathway modulators, to evaluate if cytotoxicity might contribute to the validation assay outcome.
As shown in Fig. 6 the macrocyclic lactone known as bryostatin-1 is a selective agonist of PKC. Cell viability assays performed with cultured human glial cells indicate that 10 nM bryostatin-1 does not have a detrimental effect on cell viability (Fig. 7A) . Additionally, the NGF-specific ELISA reveals that at 10 nM concentration, bryostatin-1 may be a more potent inducer of NGF secretion by glial cells than is PMA (Fig. 7B) , generating more NGF secretion at equivalent concentrations.
Further, quantitative PCR indicates that 10 nM bryostatin-1 causes a four-fold increase in NGF gene expression relative to cells treated with vehicle alone (Fig. 7C) . Collectively, two structurally distinct PKC agonists induced NGF upregulation; thus validating the involvement of PKC in small molecule induction of NGF.
UO126, a MEK specific inhibitor (Fig. 6 ), demonstrates no significant detrimental effects on cell viability when cultured glial cells are treated with UO126 (Fig. 8A) . PMA induction of glial cell NGF release was completely inhibited with 10 nM UO126 (Fig. 8B) . Further, pre-treatment of glial cells with the MEK inhibitor successfully suppressed PMA induction of NGF gene expression in a dosedependent manner (Fig. 8C) .
Similarly, FR180204, a specific inhibitor of ERK (Fig. 6) , demonstrated no detrimental effects on glial cell viability when the cells were treated with either FR180204 alone or with a combination of PMA and FR180204 (Fig. 9A) . PMA induction of glial cell NGF secretion was significantly reduced with 10 nM FR180204 (Fig. 9B) . Pre-treatment of the cells with FR180204 reduced PMA induction of NGF gene expression in a dose-dependent manner (Fig. 9C ).
Our RPPA results suggested the involvement of p90RSK (and the RSK3 isoform) in the PMA signal transduction cascade. Following activation by ERK, both ERK and p90RSK might then phosphorylate CREB, thereby initiating transcription of the NGF gene (see Fig. 6 ). BI-D1870, a specific inhibitor of p90RSK, demonstrates no deleterious effect on cultured glial cell viability (Fig. 10A) . Further, the p90RSK inhibitor significantly reduced PMA induction of NGF release (Fig. 10B) . However, BI-D1870 had no measurable effect on NGF gene expression (Fig. 10C) . Hence, p90RSK appears to participate in the exocytosis of NGF, but not in regulation of NGF gene expression.
Conclusions
The reputation of PMA as both a tumor promoter and apoptotic agent is inherently counterintuitive, as tumor growth requires excessive cell survival and suppression of apoptotic pathways in proliferating cells. Our early time course results indicate that, when applied at low (therapeutically relevant) concentrations, PMA briefly induces a mild toxicity that alleviates shortly thereafter. Additionally, although we observed statistically significant changes in the abundance of active oncoproteins, supporting a role for PMA in tumorigenesis, PMA also activates signaling pathways involved in suppressing cell proliferation. The cumulative effects of 10 nM PMA with respect to toxicity, apoptosis, and proliferation may offset, as no measurable change in T98G cell growth rate over a five day time course was observed in comparison to vehicle alone (Fig. 4.) . While the MAPK/ERK pathway has been correlated to cancer development, many of the oncoproteins affected by PMA are unrelated to the MAPK cascade of proteins, suggesting that PMA induction of tumorigenesis observed at higher concentrations with chronic dosages is likely multifaceted and not linked to one central mechanism. Direct antagonism of the MAPK/ERK proteins had no effect on cell proliferation, while significantly affecting NGF gene expression.
NGF is known to have protective and regenerative effects against neurodegeneration and neuronal cell death [12, 17, 23, 36] . NGF upregulation involves gene expression coupled with protein translation, and/or exocytosis of NGF stored in vesicles within the glial cells. In addition to causing NGF secretion, an ideal therapeutic for neurodegenerative disease should replenish the NGF supply for constitutive release. Elucidation of glial cell signal transduction pathways leading to upregulation of NGF biosynthesis and secretion will facilitate the development of therapeutics that could delay or reverse the effects of Alzheimer's disease or traumatic brain injury. Thus, a key aim of our investigation was to identify and validate signaling pathways underlying NGF induction.
Our reverse phase protein microarray and subsequent validation studies directly link PMA upregulation of NGF to cAMP Response Binding Element (CREB), a key transcription factor for neurotrophin expression (Fig. 11) . Subsequent examination and validation confirmed the involvement and sequential activation of MEK, ERK, and finally CREB as the mechanism by which PMA induces NGF gene expression. Additionally, our investigation also highlighted p90RSK as an integral component of NGF secretion (Fig. 11) . The identification of signaling pathways that stimulate NGF expression and secretion represents a critical step in identifying potential targets for the therapeutic treatment of neurodegeneration.
While PKC activators have begun to receive attention as potential cognition and memory enhancers [63, 64, 65, 66] , challenges remain when designing PKCspecific therapeutics. For instance, the macrolide bryostatin-1 has been shown to cause significant adverse effects in preclinical and clinical trials as an anticancer therapeutic, including suppression of oxidative phosphorylation and induction of myalgia [67, 68] . However, in a phase II clinical trial for the treatment of Alzheimer's Disease, bryostatin-1 demonstrated no serious adverse effects and resulted in a marked improvement in cognitive function versus placebo [69] . The nonselective targeting of the many novel and conventional PKC isoforms, as well as their intracellular ubiquity, poses a challenge to the rational drug design of PKC activators as a therapy involving NGF upregulation. Targeting proteins that are downstream of PKC, but still essential to NGF upregulation, may be a more tractable approach to treating neurodegenerative disease.
Due to their relevance in oncology, therapeutic inhibitors (antagonists) of the MAPK signaling proteins have been sought and successfully developed [70, 71, 72] . For example, Trametinib, a clinically approved MEK antagonist for the treatment of myeloma, is a non-competitive inhibitor that binds to an allosteric site near the binding domain of ATP and prevents the association of ATP with the enzyme [73] .
Further, clinically approved B-Raf inhibitors, vemurafenib and dabrafenib inhibit the mutated B-Raf V600E enzyme, preventing MEK activation in patients with the mutation [74] . However, these Raf inhibitors have also shown the ability to agonize the MAPK cascade when not supplemented with a MEK inhibitor, due to a phenomenon described as the Raf paradox [74] , a mechanism by which wild-type Raf and mutated B-Raf activate by alternative mechanisms in response to small molecule inhibition [74, 75] . While direct small-molecule agonists of the MAPK proteins remain to be seen, the successful development of clinical approved selective MAPK pathway inhibitors highlights the overall druggability of these particular protein targets.
Although the results presented herein identify the PKC-MAPK-CREB axis as a central, critical element of PMA induction of NGF, it is noteworthy that additional proteins may also participate in the response. Our reverse phase microarray results show PMA-induced changes in the abundance of phosphorylated MSK1, GSK3alpha, p70S6kinase, SAPK/JNK, AMPKa1, and Elk1. It is notable that MSK1 (mitogenand stress-activated protein kinase) is postulated to be involved in the upregulation of CREB [76, 77] and may serve as an alternative target for neuroprotection-related drug development.
In conclusion, we have identified and validated the PKC-MAPK-CREB pathway as integral to PMA/bryostatin 1 induction of NGF. These signal transduction proteins may all serve as targets for the rational development of NGF-promoting therapeutics.
Efforts are now underway to develop these agonists and to assess the role of the additional transduction proteins found activated by exposure of the cell to PMA. 
ELISA
T98G cells were removed from tissue culture flasks using a trypsineEDTA solution devoid of calcium and magnesium (Invitrogen) and plated to achieve confluent density into six-well plates containing DMEM w/10% FBS. 24 h before induction assays, the media was changed to OptiMEM I (reduced serum media; Invitrogen).
To begin each cell assay, media was changed to OptiMEM I containing phorbol 12-myristate 13 acetate (PMA; Sigma-Aldrich, St. Louis, MO USA) with inhibitor or vehicle alone (DMSO). After assay completion, the conditioned media was harvested and NGF titers were determined using a Human b-NGF ELISA Development Kit (Peprotech, Rocky Hill, NJ USA) per the manufacturer's instructions. Purified recombinant human b-NGF (Peprotech) was used to create a standard curve (A 450 vs. NGF concentration).
qRT-PCR
Gene expression analysis was performed following mRNA extraction of whole cell lysates using RNEasy RNA isolation kits (Qiagen, Hilden, Germany). Reverse transcription was performed using random hexamers (Promega, Madison WI USA), dNTP (Invitrogen), and M-MLV reverse transcriptase (Promega). Real time PCR was performed on a Qiagen Rotor Gene Q using Rotor Gene Q master mix (Qia- 
Reverse phase protein microarrays
Approximately 9 nl of each cell lysate was printed onto nitrocellulose-coated slides (Grace BioLabs, Bend, OR, USA) in triplicate using a 2470 Aushon Arrayer (Aushon BioSysterms, Billerca, MA, USA). Samples were printed along with a series of standard curves of positive and negative control lysates for quality assurance. Western blotting of cell lysate controls (e.g. Hela þ/À pervandate, Jurkat þ/À Calyculin) was used to validate each antibody for the presence of a single band of appropriate MW and phosphorylation specificity.
Statistical analysis
Six-replicate reverse phase microarray data from treated and untreated cells were compared using a two-tailed unpaired heteroscedastic t-test. Comparisons generating p-values < 0.05 were considered significant. For statistically significant analytes, log 2 fold change was determined using the median values for the individual treated and untreated data sets. Two-tailed unpaired heteroscedastic t-tests were also used to evaluate statistical significance for NGF secretion, NGF gene expression, and cytotoxicity assays (described below). All figures are plotted with error bars as Mean þ SD. P-values are indicated as p 0.05 labeled with one asterisk, p 0.01 labeled with two asterisks, p 0.001 labeled with 3 asterisks, and p 0.0001 labeled with 4
asterisks. P values greater than 0.05 are unlabeled or labeled as ns for clarity.
Cytotoxicity assays
After exposure to compound or vehicle-alone in OptiMEM I media for four hours, Alamar blue dye (ThermoFisher Scientific, Waltham, MA) was added directly to the media and allowed to incubate for one hour. Following incubation, A 570 /A 600 measurements were made to calculate reduction of resazurin dye to resorufin. A ratio of reduction in treated versus untreated cells was calculated in order to determine overall cell viability. 
Antagonist assays
